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We propose a method based on optially deteted magneti resonane (ODMR) to measure the
deoherene time T2 of a single eletron spin in a semiondutor quantum dot. The eletron spin
resonane (ESR) of a single exess eletron on a quantum dot is probed by irularly polarized laser
exitation. Due to Pauli bloking, optial exitation is only possible for one of the eletron-spin
states. The photoluminesene is modulated due to the ESR whih enables the measurement of
eletron-spin deoherene. We study dierent possible shemes for suh an ODMR setup.
PACS numbers: 78.67.H, 76.70.Hb, 71.35.Pq
I. INTRODUCTION
Quantum information an be enoded in states of an
eletron spin 1/2 in a semiondutor quantum dot.1 How-
ever, information proessing is intrinsially limited by the
spin lifetime. For single spins, one distinguishes between
two harateristi deay times T1 and T2. The relax-
ation of an exited spin state in a magneti eld into
the thermal equilibrium is assoiated with the spin re-
laxation time T1, whereas the spin deoherene time T2
is related to the loss of phase oherene of a single spin
that is prepared in a superposition of its eigenstates. Ex-
perimental T2 measurements of single spins in quantum
dots are highly desirable beause T2 is the limiting time
sale for oherent spin manipulation.
Reent optial experiments have demonstrated the o-
herent ontrol and the detetion of exitoni states of sin-
gle quantum dots.
2
Nevertheless, the measurement of the
T2 time of a single eletron spin in a quantum dot using
optial methods has turned out to be an intriate prob-
lem. This is mainly due to the interation of the eletron
and the hole inside an exiton.
3
The eletron and hole
spin are deoupled only if the hole spin ouples (via spin-
orbit interation) stronger to the environment than to
the eletron spin. Reent experiments, measuring Fara-
day rotation, have suggested that this is not the ase for
exitons in quantum dots.
4
Alternatively, if eletron-hole
pairs are exited inside the barrier material of a quan-
tum dot heterostruture, the arriers diuse after their
reation to the dots and are aptured inside them within
typially tens of pioseonds.
5,6
By that time, eletron
and hole spins have deoupled. In suh an experiment,
the Hanle eet would allow the measurement of eletron-
spin deoherene. However, this approah
7
has not yet
given onlusive results for T2.
What is a promising approah to measure the eletron-
spin deoherene time T2 by optial methods? For this,
initially some oherene of the eletron spin must be pro-
dued, preferably in the absene of holes. This an be
done using eletron spin resonane (ESR). The oher-
ene deays and, after some time, the remaining oher-
ene is measured optially. This implies using optially
deteted magneti resonane (ODMR). ODMR shemes
have, e.g., been applied to measure the spin oherene of
single nitrogen-vaany enters in diamond.
8
For quan-
tum dots, ODMR has reently been applied to eletrons
and holes in CdSe dots
9
and to exitons in InAs/GaAs
dots.
10
While these two experiments have not onsidered
single spin oherene, the feasibility of the ombination
of ESR and optial methods in quantum dot experiments
has been demonstrated.
In this work, we make use of Pauli bloking of exi-
ton reation
11
in an ODMR setup. We show that the
linewidth of the photoluminesene as a funtion of the
ESR eld frequeny provides a lower bound on T2. Fur-
ther, if pulsed laser and w ESR exitation are applied,
eletron spin Rabi osillations an be deteted via the
photoluminesene.
We onsider quantum dots whih onne eletrons
as well as holes (type I dots). We assume a ground
state where the dot is harged with one single eletron.
This an be ahieved, e.g., by n doping12 or by eletri-
al injetion.
13
Suh a single-eletron state an be op-
tially exited, whih leads to the formation of a nega-
tively harged exiton, onsisting of two eletrons and one
hole. Reent experiments on InAs dots
14,15
and GaAs
dots
16
have shown that in the harged exiton ground
state, the two eletrons form a spin singlet in the lowest
(ondution-band) eletron level and the hole oupies
the lowest (valene-band) hole level. Note that single-
eletron level spaings an be relatively large, e.g., on
the order of 50 meV for InAs dots.
17
Typially, the level
spaing of onned hole states is smaller than the one of
eletrons.
18
We assume that the lowest heavy hole (hh)
(with total angular momentum projetion Jz = ±3/2)
and light hole (lh) (Jz=±1/2) dot levels are split by an
energy δhh−lh. Additionally, mixing of hh and lh states
should be negligible.
19
These onditions are satised for
several types of quantum dots.
14,15,16,20,21
Then, iru-
2Figure 1: The states of a single quantum dot in a stati mag-
neti eld, (a) | ↓〉, (b) | ↑〉, () |X−↓ 〉, and (d) |X−↑ 〉. The
Zeeman splittings are ∆ez = g
z
eµBBz for the eletron and
∆hz = g
z
hhµBBz for the hole. Coherent transitions our be-
tween (a) and (b) due to the ESR eld and between (a) and
() due to the σ−-polarized laser eld. The arrows in () and
(d) indiate whih eletron-hole pair ouples with the photon
eld of polarization σ±.
larly polarized optial exitation that is restrited to ei-
ther hh or lh states exites spin-polarized eletrons. In
this work, we rst assume a hh ground state for holes.
We disuss then dierent hole ongurations.
The states of a quantum dot an be taken as follows;
see also Fig. 1. A single eletron in the lowest orbital
state is either in the spin ground state | ↑〉 or in the ex-
ited spin state | ↓〉. Adding an eletron-hole pair, the
negatively harged exiton (in the orbital ground state)
is either in the exited spin state |X−↓ 〉 or in the spin
ground state |X−↑ 〉. For these exitoni states, the sub-
sripts ↓, ↑ refer to the hh spin and we apply the usual
time-inverted notation for hole spins. For simpliity, we
assume sign(gze) = sign (g
z
hh) for the eletron and the hh
g fators in z diretion. Note that the very same sheme
an also be applied if the sign of gzhh is reversed. Then,
one would use a σ+ laser eld and all results apply after
interhanging |X−↓ 〉 and |X
−
↑ 〉.
II. HAMILTONIAN
We desribe the oherent dynamis of a quantum dot,
harged with a single exess eletron, in this ODMR
setup with the Hamiltonian
H = Hdot +HESR +HL +Hd−L, (1)
oupling the three states | ↑〉, | ↓〉, and |X−↓ 〉. Here, Hdot
omprises the quantum dot potential, the Zeeman ener-
gies due to a onstant magneti eld in z diretion, and
the Coulomb interation of eletrons and holes. It de-
nes the dot energy En by Hdot|n〉 = En|n〉. Here, the
eletron Zeeman splitting is gzeµBBz = E↓ − E↑, where
µB is the Bohr magneton.
22
The ESR term HESR(t) ou-
ples |↑〉 and |↓〉 via B⊥(t), whih rotates with frequeny
ωESR in the xy plane.
23,24
The ESR Rabi frequeny is
ΩESR = g
⊥
e µBB⊥, with g fator g
⊥
e . Even if the ESR
eld is also resonant with the hole Zeeman splitting, it
has a negligible eet on the harged exiton states sine
they reombine quikly. An osillating eld µBg
↔
B an
also be produed with voltage-ontrolled modulation of
the eletron g tensor g
↔
.
25
A σ−-polarized laser beam is
applied in z diretion (typially parallel to [001]), with
free laser eld Hamiltonian HL = ωLa
†
LaL, where the
laser frequeny is ωL, a
(†)
L are photon operators, and we
set ~ = 1. The oupling of | ↓〉 and |X−↓ 〉 to the laser
eld is desribed by Hd−L whih introdues the omplex
optial Rabi frequeny ΩL.
26
Sine the dot is only ou-
pled to a single irularly polarized laser mode via Hd−L,
the terms that violate energy onservation vanish due to
seletion rules. If the laser bandwidth is smaller than
δhh−lh, the absorption of a σ
−
photon in the spin ground
state |↑〉 is exluded due to Pauli bloking.27 We neglet
all multi-photon proesses via other levels sine they are
only relevant to high-intensity laser elds. For this on-
guration, the σ− photon absorption is swithed on and
o by the ESR-indued eletron-spin ips. Here, the
laser bandwidth and the temperature an safely exeed
the eletron Zeeman splitting. We transform H into the
rotating frame with respet to ωESR and ωL. The laser
detuning is δL = (EX↓−E↓)−ωL and the ESR detuning
δESR = g
z
eµBBz − ωESR.
III. GENERALIZED MASTER EQUATION
We next onsider the redued density matrix for the
dot, ρ = TrR ρF, where ρF is the full density matrix and
TrR is the trae taken over the environment (or reser-
voir). In the von Neumann equation ρ˙F = −i [H, ρF], we
treat the interation with the ESR and laser elds exatly
with the Hamiltonian in the rotating frame. We desribe
the oupling with the environment (radiation eld, nu-
lear spins, phonons, spin-orbit interation, et.) with
phenomenologial rates. We write Wnm ≡ Wn←m for
(inoherent) transitions from state |m〉 to |n〉 and Vnm
for the deay of o-diagonal elements of ρ. Note that
usually Vnm ≥
1
2
∑
k (Wkn +Wkm). The eletron-spin
relaxation time
28
is T1 = (W↑↓ +W↓↑)
−1
, with spin-ip
rates W↑↓ and W↓↑. In the absene of the ESR and laser
exitations, the o-diagonal matrix elements of the ele-
tron spin deay with the (intrinsi) single-spin deoher-
ene rate V↓↑ = 1/T2. The linewidth of the optial σ
−
transition is denoted by VX = VX↓,↓. We use the notation
ρn = 〈n|ρ|n〉 and ρnm = 〈n|ρ|m〉. The master equation
is given in the rotated basis | ↑〉, | ↓〉, |X−↑ 〉, |X
−
↓ 〉 as
3Figure 2: Sheme of the transitions between | ↑〉, | ↓〉, |X−↑ 〉,
and |X−↓ 〉. Wavy arrows desribe the transitions driven by the
ESR eld and the laser eld with frequenies ωESR and ωL,
respetively. The orresponding Rabi frequenies are ΩESR
and |ΩL|. A detuning δESR = ∆ez−ωESR is shown for the ESR
eld, with Zeeman splitting ∆ez . Inoherent transitions are
depited with arrows and our at rates Wnm. We onsider
W↓,X↓ =W↑,X↑ =:Wem.
ρ˙ =Mρ, where M is a superoperator. Expliitly,
ρ˙↑ = ΩESRImρ↓↑+WemρX↑+W↑↓ρ↓−W↓↑ρ↑, (2)
ρ˙↓ = −ΩESRImρ↓↑ + Im(Ω
∗
LρX↓,↓) +Wem ρX↓
+W↓↑ ρ↑ −W↑↓ ρ↓, (3)
ρ˙X↓ = −Im(Ω
∗
LρX↓,↓) +WX↓,X↑ ρX↑
− (Wem +WX↑,X↓) ρX↓, (4)
ρ˙X↑ = WX↑,X↓ ρX↓ − (Wem +WX↓,X↑) ρX↑, (5)
ρ˙↓↑ =
i
2
ΩESR (ρ↓ − ρ↑)−
i
2
Ω∗LρX↓,↑
−
(
iδESR + T
−1
2
)
ρ↓↑, (6)
ρ˙X↓,↑ =
i
2
ΩESR ρX↓,↓ −
i
2
ΩLρ↓↑
−[i(δESR + δL) + VX↓,↑] ρX↓,↑, (7)
ρ˙X↓,↓ =
i
2
ΩESRρX↓,↑ −
i
2
ΩL(ρ↓ − ρX↓)
−(iδL + VX)ρX↓,↓. (8)
The remaining matrix elements of ρ are deoupled and
are not important here.
IV. ESR LINEWIDTH IN
PHOTOLUMINESCENCE
We rst onsider the photoluminesene for a w ESR
and laser eld. For this, we alulate the stationary den-
sity matrix ρ¯ with ˙¯ρ = 0. We introdue the rate
WL =
|ΩL|
2
2
VX
V 2X + δ
2
L
(9)
for the optial exitation, with maximum value WmaxL at
δL = 0. We rst solve ˙¯ρX↓,↑ = 0 and nd that the ou-
pling to the laser eld produes an additional deoherene
Γ
Figure 3: The total photoluminesene rate Γ is a Lorentzian
as a funtion of the ESR detuning δ˜ESR. Its linewidth w gives
an upper bound for 2/T2. Here, we use ge = 0.5, B⊥ =
1 G, T2 = 100 ns, W↑↓ = W↓↑ = (20 µs)
−1
, Wem = 10
9 s−1,
WX↑,X↓ = WX↓,X↑ = Wem/2, δL = 0, VX↓,↑ = VX = (Wem +
WX↑,X↓)/2, and ΩL = 2ΩESR
√
T2VX. With these parameters,
the requirement WL . T
−1
2 . VESR is satised.
hannel to the eletron spin. We obtain the renormalized
spin deoherene rate VESR whih satises
VESR ≤
1
T2
+
|ΩL|
2
4VX↓,↑
≈
1
T2
+
1
2
WmaxL . (10)
Further, the ESR detuning is also renormalized,
δ˜ESR ≥ δESR
[
1−
|ΩL|
2
(Wem +WX↑,X↓)
2
]
. (11)
We assume that these renormalizations and δL are small
ompared to the linewidth of the optial transition, i.e.,
WmaxL , |δ˜ESR − δESR| < VX. Then, if both transitions
are near resonane, δL . VX and |δ˜ESR| . VESR, no addi-
tional terms appear in the renormalized master equation.
We solve
˙¯ρX↓,↓ = 0 and ˙¯ρ↑↓ = 0 and introdue the rate
WESR =
Ω2ESR
2
VESR
VESR
2 + δ˜2ESR
, (12)
whih together with WL eliminates ΩL, VX, δL, ΩESR,
VESR, and δ˜ESR from the remaining equations for the
diagonal elements of ρ. These now ontain the eetive
spin-ip rates W˜↑↓ = W↑↓ + WESR and W˜↓↑ = W↓↑ +
WESR. We nd the stationary solution
ρ¯↑ = ηWLWemWX↑,X↓ + η W˜↑↓WemWX↑,X↓
+η W˜↑↓ (WL +Wem) (Wem +WX↓,X↑) , (13)
ρ¯↓ = η W˜↓↑ (WL +Wem) (Wem +WX↓,X↑)
+η W˜↓↑WemWX↑,X↓, (14)
ρ¯X↓ = ηWL W˜↓↑ (Wem +WX↓,X↑) , (15)
ρ¯X↑ = ηWL W˜↓↑WX↑,X↓, (16)
where the normalization fator η is suh that
∑
n ρn = 1.
Note that ρ¯↑ ≥ ρ¯↓ is satised for W↑↓ ≥ W↓↑. Thus,
eletron-spin polarization is ahieved due to the hole-
spin relaxation hannel, analogous to an optial pump-
ing sheme. Now, photons with σ− (σ+) polarization
4are emitted from the dot at the rate Γ− = Wemρ¯X↓
(Γ+ = Wemρ¯X↑). These rates are proportional to
WESR/(γ +WESR) for a given γ, up to a onstant bak-
ground whih is negligible for W↓↑ < WESR. In partiu-
lar, the total rate Γ = Γ− + Γ+ as a funtion of δ˜ESR is
a Lorentzian with linewidth
w = 2VESR
√
1 +
WmaxESR
γ
; (17)
see Fig. 3. Analyzing the expression for γ, we nd the
relevant parameter regime with the inequality
w ≤ 2VESR
[
1 +
2WmaxESR
WL
(
1 +
Wem
Wr
+
WX↓,X↑
Wr
)
+
3WmaxESR
Wr
+
WmaxESR
Wem
(
1 +
3WX↓,X↑
Wr
)]1/2
, (18)
whih saturates for vanishing W↓↑ and W↑↓. Here, the
rateWr = WX↑,X↓+W↑↓ (1 +Wem/WL) desribes dier-
ent relaxation hannels, all leading to the ground state
|↑〉, and thus orresponds to swithing o the laser ex-
itations. If Wr is large, e.g., due to eient hole-spin
relaxation,
29 w ≈ 2VESR. From the linewidth w one an
extrat a lower bound for T2: T2 ≥ 1/VESR ≥ 2/w. Fur-
ther, this lower bound saturates when the expression in
brakets in Eq. (18) beomes lose to 1 and T−12 ≈ VESR
[see Eq. (10)℄, i.e., the T2 time is given by the linewidth.
Comparing with the exat solution, we nd that our ana-
lytial approximation gives the value of Γ within 0.2% for
the parameters of Fig. 3. Due to possible imperfetions
in this ODMR sheme, e.g., mixing of hh and lh states or
a small ontribution of the σ+ polarization in the laser
light, also the state | ↑〉 an be optially exited. We
desribe this with the eetive rate WL,↑ whih leads to
an additional linewidth broadening [similar to Eq. (18)℄.
This eet is small for WL,↑ < WESR. Detetion of the
laser stray light an be avoided by only measuring Γ+.
Otherwise, the laser ould be distinguished from Γ− by
using two-photon absorption. As an alternative, the opti-
al exitation ould be tuned to an exited hole state (hh
or lh), possibly with a reversal of laser polarization. A
pulsed laser, nally, would enable the distintion between
luminesene and laser light by time gated detetion.
V. SPIN RABI OSCILLATIONS VIA
PHOTOLUMINESCENCE
For a pulsed σ− laser, one an also measure Γ as a
funtion of the pulse repetition time τrep instead of δ˜ESR.
We still use w ESR (or, alternatively, a stati transverse
magneti eld, i.e., in the Voigt geometry). We stress
that the same restritions on the laser bandwidth as in
the w ase apply. Due to hole spin ips, followed by
emission of a photon, the dot is preferably in the state
[   s] [   s]repτ µ repτ µ
0 0.1 0.2 0.3 0.4 0.5
0
0.2
0.4
0.6
0 0.1 0.2 0.3 0.4 0.50
1
2
3
(a) (b)
N N
Figure 4: Average number N of photons emitted per period
τrep as funtion of the laser pulse repetition time for (a) π
pulses with ∆t = 5ps and ΩL = π/∆t, and (b) pulses with
∆t = 20ns and ΩL = π/(500 ps). We have set δESR = 0. The
other parameters are the same as in Fig. 3. The deay of the
osillation is given by VESR and therefore depends on T2.
|↑〉 rather than |↓〉 at the end of a laser pulse. The mag-
neti eld then ats on the eletron spin until the next
laser pulse arrives. Finally, the spin state |↓〉 is read out
optially and, therefore, the Rabi osillations (or spin
preessions) an be observed in the photoluminesene
as funtion of τrep; see Fig. 4. For simpliity, we on-
sider square pulses of length ∆t. We write in the master
equationM(t) =ML during a laser pulse and otherwise
M(t) = M0, setting ΩL = 0. We nd the steady-state
density matrix ρ∞ of the dot just after the pulse with
Upρ∞ = ρ∞, where Up = exp(ML∆t) exp[M0(τrep−∆t)]
desribes the time evolution during τrep.
The photoluminesene rate is now evaluated by Γ =
Wem(ρX↓ + ρX↑), where the bar designates time averag-
ing over many periods τrep. For ∆t ≥ pi/ΩL, W
−1
em , the
spin osillations beome more pronouned; see Fig. 4 (b).
This results from an enhaned relaxation to the state |↑〉
during eah pulse and thus from a muh larger ρ↑ than
ρ↓ just after the pulse.
VI. CONCLUSIONS
We have proposed an ODMR setup with ESR and po-
larized optial exitation. We have shown that this setup
allows the optial measurement of the single-eletron spin
deoherene time T2 in semiondutor quantum dots.
The disussed w and pulsed optial detetion shemes
an also be ombined with pulsed instead of w ESR, al-
lowing spin eho and similar standard tehniques. Suh
pulses an, e.g., be produed via the a Stark eet.
30
Further, as an alternative to photoluminesene dete-
tion, photourrent an be used to read out the harged
exiton,
13
and the same ODMR sheme an be applied.
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